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Nitrogen and chlorophyll-a concentrations in estuarine systems often correlate positively
with increased nitrogen input. To determine the interactions between nitrogen load,
physical drivers, and water quality indicators, we estimated nitrogen inputs to 28
estuaries within the Buzzards Bay, Massachusetts (USA) watershed from 1985 to
2013. Estimates were derived by combining parcel specific wastewater disposal,
point source wastewater discharge, land use, and atmospheric nitrogen deposition
data with a previously verified nitrogen loading model. Linear regression analysis was
used to quantify temporal trends in individual data sets and characterize relationships
between variables. The land-use data indicated that fractional coverage of impervious
surfaces increased with time for all sub-watersheds at the expense of vegetation and
agriculture land use classes, reflecting a growth in residential unit density. Nitrogen
loads decreased with time for most watersheds on the western side of Buzzards
Bay, reflecting decreased atmospheric nitrogen deposition combined with management
efforts to mitigate wastewater pollution. For most of Buzzards Bay’s eastern watersheds,
increases in nitrogen sourced from wastewater, driven primarily by the development
of homes with on-site wastewater disposal, resulted in stable or overall nitrogen load
increases. The relationship between nitrogen load and mean summer in situ chlorophyll
a underwent a shift to more chlorophyll a per unit nitrogen input over time that was
partially correlated to climatic variables such as increased precipitation and warming
water column temperatures.
Keywords: nitrogen loading, eutrophication, climate change, water quality

INTRODUCTION
The ecological functioning of coastal marine ecosystems is largely dependent on an adequate
supply of nutrients delivered from watersheds or exchanged from the open ocean. In recent
decades, excessive nutrient supply has degraded nearshore water quality around the world (Bricker
et al., 2008; Selman et al., 2008). Increased human populations and development along coasts
has enhanced eutrophication, defined here as an increased supply rate of organic matter to an
ecosystem (Nixon, 1995) and is often caused by excess nutrient inputs. Eutrophic systems are
often impacted by hypoxia or anoxia (Rabalais et al., 2001; Anderson et al., 2002) leading to
ecosystem habitat loss (Short and Burdick, 1996; Orth et al., 2006; Waycott et al., 2009; Costello and
Kenworthy, 2010), fish kills (Paerl et al., 1998), and the introduction of harmful algal species to a
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quality by enhancing phytoplankton growth rates (Eppley, 1972),
strengthening stratification, exacerbating biomass accumulation
in the surface waters, and depletion of oxygen beneath the
surface layer. As anthropogenic climate changes intensifies
trends globally (Dore, 2005; Alexander et al., 2006), the need
to understand how estuarine systems respond to precipitation
patterns becomes that much more important.
Simple watershed-level empirical models offer a cost effective
approach to track dominant nutrient sources and estimate
nutrient loads. In this study, we used an empirical nitrogen
loading model (NLM, Valiela et al., 1997) to quantify nitrogen
loads for the estuaries surrounding Buzzards Bay, MA (USA).
In this study, (1) we identified annual changes in these nitrogen
loads from 1985 to 2013, (2) assessed the relationship of
water quality to nitrogen loading rates, and (3) determined if
these relationships were influenced by climate factors such as
warming or precipitation. As most estuaries in New England
are typically limited by nitrogen (Howarth and Marino, 2006),
an improved understanding of how nitrogen loads to Buzzards
Bay’s embayments changed over time can highlight the effect
of nutrient reduction efforts and explain patterns in water
quality.

system (Anderson et al., 2002; Glibert et al., 2005), that can
result in shellfish poisoning (Shumway, 1990). Human-induced
eutrophication threatens the ecological and economic integrity of
coastal waters, highlighting the need to identify nutrient sources
in coastal watersheds so that the best mitigation strategies can be
implemented.
Nitrogen tends to be the limiting nutrient in many estuarine
systems (Howarth and Marino, 2006). Major nitrogen sources
to estuarine and coastal waters typically include atmospheric
nitrogen deposition that percolates through land cover mosaics,
chemical fertilizer applied to lawns and agricultural areas,
and wastewater, either directly discharged to surface waters or
discharged to the groundwater (Valiela et al., 1997). The relative
contribution of these sources is dependent on watershed land
use such as residential development and agriculture (Valiela and
Bowen, 2002; Latimer and Charpentier, 2010). For example,
increased residential, commercial and agricultural land use
increases nutrient inputs sourced from wastewater and fertilizer
into receiving waters (Bolstad and Swank, 1997; Schoonover
et al., 2005; Huang et al., 2013), especially during storm events
(Bolstad and Swank, 1997). Two major wastewater disposal
methods are typically used in the US: onsite septic systems,
and centralized wastewater treatment facilities. Onsite septic
systems represent a large nonpoint source of nitrogen to the
groundwater, and wastewater effluent from treatment facilities is
often a point source to surface waters. Infrastructure used to treat
wastewater can remove some or most nitrogen depending on
level of treatment. However, if wastewater is sourced from outside
the watershed of the estuary where effluent is discharged rather
than treating homes within a given watershed, the effluent can
add an additional point source of nitrogen to an estuary. A high
proportional coverage of naturally vegetated land in a watershed
can preserve water quality by storing in the soil a fraction of the
nitrogen that is deposited on the watershed surface (Tong and
Chen, 2002; Lee et al., 2009; Rothenberger et al., 2009). However,
the spatial distribution of vegetated land can have a large impact
on the effectiveness in attenuating pollutants and nitrogen (Lee
et al., 2009); unlike larger forested areas, smaller fragmented
forests are typically interspersed with urbanized areas, which may
decrease their ability to filter pollutants before reaching adjoining
waters (Lee et al., 2009).
Nutrient pollution and eutrophication can be exacerbated by
other factors such as climate change. Changes in precipitation can
directly impact estuarine hydrodynamics such as freshwater flow,
mixing, and residence time. Under drier conditions, decreases
in freshwater flow may increase water residence time within an
estuary and retention of nutrients and phytoplankton, making
an estuary more susceptible to eutrophication (Howarth et al.,
2000). Increased precipitation to estuaries with longer residence
times can lead to higher discharge of freshwater rich in nutrients
that may initiate phytoplankton blooms (Randall and Day, 1997;
Yin et al., 1997). Alternatively, in systems with short residence
times, increased precipitation is unlikely to change primary
productivity if freshwater discharge exceeds some threshold
such that phytoplankton and nutrients do not remain in the
system long enough to initiate blooms (Boyer et al., 1993).
Increased water column temperatures can intensify poor water
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METHODS
Study Area
Buzzards Bay is an elongated, shallow estuary (max depth
∼11 m) bordering southeastern Massachusetts and Cape Cod
covering approximately 600 square kilometers. We analyzed
28 sub-watersheds within the broader Buzzards Bay watershed
(Buzzards Bay National Estuary Program, BBNEP). The largest
sub-watersheds are on the bay’s western portion and are drained
by several river basins, while smaller watersheds on the eastern
portion are predominantly drained mostly by groundwater
(Figure 1). Previous work on historical land-use data (1951–
1985) found that the spatial extent of forested areas, pastures,
open water (including wetlands), and cropland within the bay’s
watershed decreased by 12.6, 63.5, 54.1, and 23%, respectively,
while residential land use increased by nearly 100% (Smith
et al., 1989). These land-use changes were associated with
declining water quality as represented by decreases in eelgrass
and fish community abundance from ∼1970-present (Costa,
1988; Hughes et al., 2002; Costello and Kenworthy, 2010).
Despite efforts to reduce nitrogen pollution in Buzzards Bay,
in situ estuarine chlorophyll-a (Chla) concentration (a proxy
for phytoplankton abundance) nearly doubled across most of
the estuaries surrounding Buzzards Bay over the 1992–2013
period; concurrently, estuarine total nitrogen concentration
remained relatively stable, suggesting that worsening water
quality conditions may not simply reflect water column nutrient
enrichment (Rheuban et al., 2016).

Model Description
The nitrogen loading model (NLM) used for this analysis was
developed for the Waquoit Bay, MA watershed, which is located
approximately 4 kilometers east of Buzzards Bay’s watershed
boundary (Valiela et al., 1997). The NLM has been widely
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FIGURE 1 | Buzzards Bay subwatersheds analyzed in this study.

surface coverage, and wastewater effluent loads from 1985 to 2013
at sub-watershed spatial resolution. Watershed boundaries for
Buzzards Bay’s embayments were obtained through the Buzzards
Bay National Estuary Program (http://buzzardsbay.org/gis-data/
bbnep_subbasins_apr10.zip). A detailed description of the data
used in this analysis is described below.

used in the southern New England region to estimate nitrogen
loads from Connecticut, Rhode Island, and Massachusetts
watersheds since its initial development (Valiela et al., 1997,
2016; Latimer and Charpentier, 2010). The NLM includes
three major nitrogen inputs to watersheds: (1) atmospherically
deposited nitrogen (AD-N) that percolates through four broadly
defined surfaces including natural vegetation, turf, agricultural
land and impervious surfaces; (2) fertilizer applied to turf and
agricultural land; and (3) septic systems and leaching fields
(Valiela et al., 1997). The NLM was later modified to include point
source nitrogen inputs, such as wastewater treatment plants,
and AD-N deposited directly onto open waters (Latimer and
Charpentier, 2010). Nitrogen load estimates represent nitrogen
leaving the watershed to enter the estuary accounting for a
series of transmission rates through land cover types and
attenuation through the watershed (Table 1). The output from
the NLM includes total nitrogen load and contributions by
source: direct and indirect atmospheric nitrogen, wastewater,
and fertilizer. We also include loads from animal waste
and direct wastewater discharge. Nitrogen contributions from
these sources will be dependent on the dominant land cover
types within a subwatershed, changes to residential counts,
and changes to atmospheric deposition (Valiela and Bowen,
2002).

Land-Use
We used land cover estimates from a combined dataset based
on the Coastal Change Analysis Program (C-CAP) (National
Oceanic Atmospheric Administration, 1996, 2001, 2006, 2010;
http://coast.noaa.gov/digitalcoast/tools/lca) and through the
state of Massachusetts’ GIS program (MassGIS www.mass.gov).
C-CAP is developed primarily from Landsat Thematic Mapper
satellite imagery and has land cover data for the years 1996, 2001,
2006, and 2010 at a 30 m resolution. Land cover classifications
are based upon of the Anderson Level II classification system for
inland areas while wetland categories are based on Cowardin’s
Classification of Wetlands and Deepwater Habitats (National
Oceanic Atmospheric Administration, 2015). An accuracy
assessment has been carried out for C-CAP 2010 with an overall
accuracy of 84% for the Northeast region (National Oceanic
Atmospheric Administration, 2015). MassGIS land cover from
1985 and 1999 were also used. Since MassGIS land cover data is
derived directly from orthoimagery, spatial accuracy is believed
to be higher than C-CAP (MassGIS; http://www.mass.gov/anf/
research-and-tech/it-serv-and-support/application-serv/officeof-geographic-information-massgis/) although a thorough
accuracy assessment has not been carried out.
To combine the two land use databases, data from MassGIS
was rasterized from a 1:25,000 scale aerial photography photo
(1985, 1999) or 0.5 meter resolution (2005) to a 30 m pixel

Data Sets and Model Parameters
The NLM requires input data on land use (including impervious
surface areas), atmospheric deposition, number of homes using
septic systems, point source discharges into the estuary, and
land cover to estimate nitrogen loads (Valiela et al., 1997).
Linear interpolation was used between each year of available
data type to generate a time series of land use, impervious
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TABLE 1 | Nitrogen load calculation and data sources.
Nitrogen sources

Data source

Atmospheric deposition (AD)*

Coefficients

Effective loading rate

Transmission (Tr)

AD × Tr × VZ × GW

Natural Vegetation

CCAP

0.35

AD × 0.089

Turf (Lawns, Golf Courses)

MassGIS

0.38

AD × 0.096

Cranberry Bogs

CCAP, MassGIS

0.38

AD × 0.096

Agricultural

CCAP

0.38

AD × 0.096

Impervious Surfaces (Roofs and Driveways)

NLCD,WHRC,MassGIS

0.38

AD × 0.096

Impervious Surfaces (Roads, Runways, Parking Lots)

NLCD,WHRC,MassGIS

1

AD × 0.254

0.5 (VZ, GW = 1)

AD × 0.5

1 (VZ, GW = 1)

AD × 1

Application

AR × 0.61 × VZ × GW

Fresh Water

CCAP, MassGIS

Estuarine Area

CCAP

Fertilizer use
Turf (Lawns)**

MassGIS

104 kgN ha−1 yr−1

5.5

Turf (Golf Courses)

MassGIS

115 kgN ha−1 yr−1

17.8

Cranberry Bogs

CCAP, MassGIS

84 kgN ha−1 yr−1

13.0

Agricultural

CCAP, MassGIS

136 kgN ha−1 yr−1

21.0

Excretion rate

P × ER × 0.6 × 0.66 × GW

4.8 kgN p−1 yr−1

P × 1.24 × Units

Wastewater
Septic***

MassGIS

*AD range 4–15.1 kgN ha−1 yr−1 .
**34% of homeowners apply fertilizer.
***Persons per home (P) has been adjusted to year-round occupancy (1.66–2.57).
Subsurface Transmission (VZ) = 0.39.
Groundwater Transmission (GW) = 0.65.
Data sourced from the Coastal Change Analysis Program (CCAP), Massachusetts Geographic Information Services (MassGIS), the National Land Cover Dataset (NLCD), and the Woods
Hole Research Center (WHRC).

2005 revealed few new golf courses thus we assumed golf areas
remained unchanged after the year 2005.

resolution and land use from both datasets was aggregated
into simplified classifications including open estuary, freshwater
ponds, natural landscapes, horticultural/agricultural land, and
urban areas. Because cranberry bogs are a substantial portion
of the agriculture in the Buzzards Bay watershed and CCAP
does not distinguish between types of agriculture, we separated
cranberry bogs from other agriculture using watershed specific
percentages determined from the MassGIS 1999 land use data
layer and applied this to the full land-use dataset. To maintain
consistency between the two datasets, aggregated classifications
from MassGIS from year 1999 were corrected to the aggregated
classifications from CCAP’s 2001 data. This correction was then
applied to the MassGIS data from 1985. All corrections applied
were both classification and watershed specific.

Residential and Commercial Units
MassGIS Level 3 assessors’ data from the 17 towns within the
Buzzards Bay watershed were used to quantify the number
of homes in each sub-watershed. Residential and commercial
parcels were separated using the Massachusetts property
classification code book (Pitter and Cronin, 2015, http://www.
mass.gov/dor/docs/dls/bla/classificationcodebook.pdf).
The
number of residential units on each parcel was determined using
the use-code classification (e.g., 101 use-code is a parcel that
has a single-family home, while 104 is a two-family home), the
Massachusetts town-level structures database, and orthoimagery.
Each residential unit was assumed to have, on average, a 5000
sqft (0.046 ha) lawn (Howes et al., 2006a). Parcels in the New
Bedford Harbor watershed were assumed to have a smaller lawn
size of 1000 sqft (0.0093 ha) as many parcels are less than 5000
sqft in total.

Golf Courses
Because the use of fertilizer on golf courses is a strong source of
groundwater nitrogen and CCAP does not separate golf areas
from one of its urban classifications, we used MassGIS’s 1985,
1999, 2005 land cover datasets to determine how the area of
golf courses changed over time (MassGIS, 2002, 2009). MassGIS
changed its classification scheme for its 2005 land cover data that
resulted in decreasing golf area between the 1999 and 2005 data.
Thus, we corrected the 1985 and 1999 golf areas by the ratio
between the 2005 and 1999 areas. Analysis of orthoimagery post
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Impervious Surface Data
Impervious surface data for the years 1985 and 2002 was obtained
from the Woods Hole Research Center (WHRC, Stone, personal
communication, accessed January 10, 2015), and coverage for
years 2001 (Homer et al., 2007), 2006 (Fry et al., 2011), and
2011 (Homer et al., 2015) was obtained from the National Land
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receive combined sewer overflow (CSO) discharges. Detailed
databases of wastewater effluent discharge are available from 2006
to present through reporting to the EPA. To extend wastewater
discharges back to 1985, we compiled historical nitrogen loads
from these treatment plants and CSO discharges (Supplementary
Table 1). Because the facility discharging into groundwater
upstream of West Falmouth Harbor does not report effluent
discharge in the same way and also includes a closed sewage
lagoon discharge site, we compiled estimates of effluent load
reaching the estuary from literature values (Howes et al., 2006a;
Howarth et al., 2014; Hayn et al., 2014). Measurements from
Smith (1999) and Howes et al. (2006a) found 40–50% attenuation
of the wastewater load due to nitrogen uptake by vegetation,
in the subsurface, and through the downstream marsh, thus we
assumed 50% subsurface attenuation of annual discharge from
the plant reported in Howes et al. (2006a). Missing values for
all facility or CSO discharges were interpolated linearly using
neighboring data points.

Cover Dataset (NLCD). Impervious surface coverage from the
WHRC data did not classify areas that were between 1 and
10% impervious causing a bias in total impervious surface areas
between the WHRC 2002 impervious data layer and the NLCD
2001 data layer. We corrected the 2002 WHRC dataset to the
2001 NLCD dataset by scaling each watershed individually, and
applied the scale factor to the 1985 dataset from WHRC.
The NLM separates impervious surfaces such as “roads,
runways, and parking lots” from “roofs and driveways” because
of the capacity for infiltration of deposition onto lawns and
natural vegetation rather than into storm-water infrastructure.
Impervious areas from roofs and driveways were determined
from watershed total parcel counts by assuming an average
driveway of 0.0125 ha (Latimer and Charpentier, 2010) and
watershed-specific average roof area from the Massachusetts
town-level structures database. Impervious surfaces from roads,
runways, and parking lots were assumed to be the difference
between the total impervious surface determined from the
corrected WHRC and NLCD data layers, roof areas from building
footprint layers and parcel counts, and driveway areas from
parcel counts.

Atmospheric Deposition
Measurements of atmospheric deposition in the region are
sparse. Only 3 long-term stations were available within a ∼100
mile radius of Buzzards Bay, one in Connecticut (CT13),
one near Boston (MA13), and one near Provincetown, MA
(MA01). As such, we used a combined analysis of gridded
total nitrogen deposition (wet and dry organic and inorganic
nitrogen) and inorganic nitrogen deposition from the National
Atmospheric Deposition Program (Schwede and Lear, 2014,
ftp://ftp.epa.gov/castnet/tdep/grids/) to create time series of
atmospheric nitrogen deposition for each sub-watershed. The
inorganic nitrogen deposition maps at sampling locations had
absolute average differences from the measurements by 0.3,
18, and 16% with root mean square errors of 0.043, 0.89,
and 0.76 kgN yr−1 from CT13, MA01, and MA15 stations,
respectively (Supplementary Figure 1). Because total nitrogen
deposition maps were only available from years 2000 to 2013,
while inorganic deposition maps date back to 1985, we corrected
sub-watershed-specific inorganic nitrogen deposition to total
deposition using the overlapping years. Grids of total deposition
were refined beginning in 2007 and better describe the Cape Cod
region, thus we used the data from 2007 to 2013 to calibrate
inorganic deposition to total (r2 > 0.63, p < 0.03 for all subwatersheds, Supplementary Figure 2).

Wastewater—Non-point Sources
Unless connected to a sewer line, residential units and
commercial parcels were assumed to have a septic system and
thus contribute to non-point sources of wastewater. Sewering has
expanded over time in many subwatersheds in the Buzzards Bay
area, which we accounted for with sewered area maps supplied
by the Buzzards Bay National Estuary Program (http://www.
buzzardsbay.org/wastewater-timeline.html). If a residential unit
or commercial parcel became sewered over time, we assumed it
no longer contributed to non-point source wastewater. Nitrogen
loads from residential septic systems were calculated as in the
Valiela et al. (1997), and loads from commercial systems were
calculated as in Howes et al. (2011a), assuming a 180 gallon
per day water use and 23.63 mg/L of nitrogen reaching the
groundwater. This approach does not account for the lag time
between the time of construction and the arrival of septic loads to
the receiving waters. Because occupancy of homes in the region
varies considerably due to the high degree of summer tourism
in many sub-watersheds, we used sub-watershed-specific year
round occupancy rates determined from block-level data from
the 2010 Census with vacant units adjusted for likely seasonal
occupancy rates based on a survey of Cape Cod property owners.
The seasonal and year round estimates were converted into
a year-round net annualized occupancy rate for all properties
within a watershed.

Animal Waste
In one watershed, the east branch of the Westport River, nitrogen
loads from dairy cows and other livestock appreciably exceeded
septic system loading (Howes et al., 2012). However, livestock
type and numbers, as measured in total USDA Animal Units
(1000lbs of animal biomass), also declined from 3105 in 1987
(US Environmental Protection Agency, 1988) to 2657 in 2012
(Howes et al., 2012). This decline included a reduction in the
number of chickens (which produce high nitrogen waste) from
60,000 individuals (US Environmental Protection Agency, 1988)
to a little over a 1000 (Howes et al., 2012). To account for a
history of animal waste, we used county-level data from the
USDA historical census of agriculture available at 5 year intervals
(US Department of Agriculture, 1994, 2004, 2014; USDA) and

Wastewater—Point Sources
Five of the sub-watersheds analyzed here are influenced by large
point sources of wastewater disposal. Treated wastewater effluent
is discharged directly into surface waters of the Wareham River
Estuary (#23), Aucoot Cove (#3), and New Bedford Harbor (#13).
Wastewater is also discharged into groundwater that flows into
West Falmouth Harbor (#24, Howes et al., 2006a; Howarth et al.,
2014; Hayn et al., 2014). West Falmouth Harbor also receives
loading from sewage lagoons previously sited at the municipal
landfill. Finally, Clarks Cove (#6) and New Bedford Harbor also
Frontiers in Marine Science | www.frontiersin.org
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dUnits dDischarge
dNWW
= Er PTseptic
+
dt
dt
dt

estimated the number of cows in the Westport watershed as a
percentage of total state numbers based on Westport specific
animal counts from US Environmental Protection Agency (1988)
and Howes et al. (2012). Finally, the East Branch of the Westport
River is estimated to have 75% of the total animals in the
watershed (Howes et al., 2012). Nitrogen load from cows and
chickens is determined from Howes et al. (2012) as 55.8 and 0.4
kgN animal−1 yr−1 , respectively, assuming 40% leaching to the
groundwater.

where Er is the human nitrogen excretion rate (kg person−1
yr−1 ), P is the watershed average number of people per
home adjusted for seasonal occupancy, Tseptic is the nitrogen
transmission rate through septic systems and the subsurface,
Units is the total number of housing units on septic, and
Discharge is the direct wastewater discharge from wastewater
treatment plants or combined sewer overflows (kg yr−1 ).
Each of the terms in Equation (4) has an associated error,
σi approximated as the overall error in the NLM (Collins
et al., 2000). We estimate the error in the nitrogen load
trend for each component using standard error propagation
assuming independent errors. For example, the error
on the trend in nitrogen sourced from wastewater is as
follows:

Precipitation
To estimate precipitation to each sub-watershed, we used highresolution reanalysis data from the PRISM interpolation method
(Daly et al., 2008, http://www.prism.oregonstate.edu/). Monthly
4 × 4 km precipitation values were extracted for each subwatershed from 1992 to 2013. Precipitation from the PRISM
dataset was compared to rain gages from the Massachusetts
Rainfall Program located around Buzzards Bay (Falmouth,
Wareham, and Dartmouth, MA). These rain gages had absolute
differences from the gridded dataset on average of 13.2, 3.0, and
9.8% with a root mean square error of 164, 51.3, and 173 mm,
respectively (Supplementary Figure 3). Total precipitation from
April through June was correlated to the following summertime
water quality.

σdNww /dt =

The in situ water quality data used in this analysis was
collected through a bay-wide citizen-science monitoring
program facilitated by a local non-profit organization, the
Buzzards Bay Coalition. This data set contains 20+ years of
regularly monitored summertime water quality data including
inorganic and organic nitrogen, orthophosphate, chlorophyll
and phaeopigments, dissolved oxygen, salinity, secchi depth, and
temperature. For a more complete description and analysis of
these data please see Rheuban et al. (2016).

Data Analysis
Linear regression analysis through time was used to assess if land
use in each sub-watershed changed from 1985 to 2013, assuming
a 16% uncertainty in land cover classifications (NOAA-e).
Because the datasets used to estimate nitrogen load incorporate
data with different temporal resolution and thus mixed degrees
of freedom in a regression analysis, we determined trends in
nitrogen load through a Taylor expansion of the linearized NLM.
Total nitrogen load (kg yr−1 ) from watersheds is determined as:

Frontiers in Marine Science | www.frontiersin.org

2

+ Er PTseptic ∗ σdUnits/dt

2

+ σdDischarge/dt 2

This analysis did not include nitrogen sourced from landfills,
which do not account for an appreciable source of loading in
any watershed except West Falmouth Harbor; however, this
source is already accounted in the loading estimates used for this
report.

(1)

RESULTS
Primary Nitrogen Load Drivers
Time series (1985–2013) of key nitrogen-loading drivers across
the Buzzards Bay watershed are shown in Figure 3. There was an
increase in housing development (r2 = 0.98, p < 0.0001), with
increases from 47,841 to 62,525 sewered homes (r2 = 0.64, p <
0.0001) and slight increases in homes with onsite septic systems
followed by declines with expansion of centralized wastewater

(2)

Using wastewater as an example:
NWW (t) = Er PTseptic Units(t) + Discharge(t)

dUnits
∗ σEr PTseptic
dt

Sources Omitted from the Analysis

where Nfert , NWW , NADD , and NADI , Nfert NWW NADD
NADI , are nitrogen from fertilizer, wastewater, direct atmospheric
deposition, and indirect atmospheric deposition after attenuation
by plants and in the subsurface. Thus, the overall trend in Nload
would be:
dNfert
dNload
dNWW
dNADD
dNADI
=
+
+
+
dt
dt
dt
dt
dt

s

(5)
The other terms were derived similarly.
Because the underlying datasets had mixed degrees of freedom
and we chose to estimate trends through a Taylor expansion and
propagation of error, we estimated that a trend was different
from zero if the magnitude of the slope was more than 2 times
the propagated error. If the magnitude of the slope was smaller
than 2 times the error, we assumed there was no significant
trend in nitrogen loading. Regression analysis was conducted
comparing average Buzzards Bay summertime, in situ water
quality data (total nitrogen and chlorophyll a), as reported in
Rheuban et al. (2016), to our estimated nitrogen loads and
climate drivers (temperature and precipitation). A multiple linear
regression (MLR) approach was used to determine the relative
importance of nitrogen load, temperature, and precipitation on
predicting summertime Chla and TN concentrations. Data were
standardized prior to the MLR to estimate effect sizes of nitrogen
load, temperature, and precipitation on water quality using Chla
and TN as water quality indicators. Nitrogen load, Chla, and TN
were log-transformed prior to analyses to reduce the dynamic
range in the nitrogen loads, because Chla was log-normally
distributed, and TN had very long positive tails.

In situ Water Quality Data

Nload(t) = Nfert (t) + NWW (t) + NADD (t) + NADI (t)

(4)

(3)
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Open water (estuarine area, lakes, ponds, rivers) covered 2.0–
45.4% of the sub-watershed area, horticultural/agricultural land
covered 0–16.9%, impervious surface area covered 0.5–19.6%,
and golf area covered 0–0.2% (Table 2). All sub-watersheds
exhibited increased impervious area ranging from a factor of
1.3–3.2 growth from 1985 to 2013 (Figure 2). This expansion of
impervious area is reflected in a 23% increase in residential units
and other urban infrastructure (Figures 2, 3). Consequently,
there were decreases in one or a combination of the remaining
land cover types (i.e., natural vegetation, agriculture/horticulture,
and/or golf) (Figure 2).

infrastructure (Figure 3, top panel). Over the corresponding time
period, atmospheric nitrogen deposition averaged over the region
declined from a maximum of 12.5 to a minimum of 6.31 (kg
N ha−1 yr−1 ; p < 0.001), agreeing well with other estimates
of atmospherically deposited nitrogen (AD-N) in New England
(Lehmann et al., 2005; Valiela et al., 2016; Figure 3, bottom
panel).
Over the study period, land use for the Buzzards Bay regions
analyzed here were, on average, 78.5% natural vegetation, 6.2%
agricultural land, 0.4% golf courses, 4.7% impervious, 2.5%
freshwater, 2.2% lawns, and 5.4% estuary area (Table 2). From
1985 to 2013, there were losses in natural vegetation (slope =
−131.1 ± 18.1 Ha yr−1 ; r2 = 0.911; p = 0.002, n = 6), increases
in agricultural land (slope = 25.2 ± 8.68 Ha yr−1 ; r2 = 0.598;
p = 0.044, n = 6), increases in impervious surfaces (slope =
71.8 ± 7.6 Ha yr−1 ; r2 = 0.95; p = 0.0007, n = 6), and slight
increases in golf courses (slope = 7.16 ± 0.6 Ha yr−1 ; r2 = 0.99;
p = 0.051). At the subwatershed level, the dominant land cover
type for most of the subwatersheds was also natural vegetation,
with values ranging from 22.4 to 91.4% of land area (Table 2).

Nitrogen Load Estimates
Across the land areas within the Buzzards Bay watershed
analyzed here, fertilizer use on agricultural land and wastewater
from septic systems contributed equally to total nitrogen load,
followed by atmospheric deposition, direct discharge from
combined sewer overflows and wastewater treatment facilities,
and animal waste (Figure 4). Normalizing average nitrogen

TABLE 2 | Mean land use areas (Ha) in the 28 sub-watersheds of Buzzards Bay from 1985 to 2013.
Watershed

Allen Pond

Impervious

SD

Fresh
water

SD

Natural

SD

Crop

SD

Golf

SD

Lawn

SD

Septic

SD

4.8

1.2

3.0

0.02

778

6.9

72

5.4

NA

NA

4.8

0.7

111.8

14.7

259.9

30.0

0.7

0.09

1564

37.1

1

0.5

3.7

4.0

176.7

11.6

560.1

344.4

18.2

3.0

NA

NA

1013

14.6

24

5.08

5.3

6.1

13.2

1.5

246.0

25.9

2.1

0.6

NA

NA

160

0.8

NA

NA

NA

NA

1.9

0.1

43.4

3.0

Buttermilk Bay

128.0

19.2

201.7

1.67

2063

28.8

209

5.5

10.7

4.6

118.1

7.9

2231.1

216.0

Clarks Cove

113.0

6.4

NA

NA

131

8.6

NA

NA

NA

NA

73.0

2.3

56.0

51.9

East Branch Westport River

403.7

55.0

298.3

0.11

14935

86.5

142

6.3

NA

NA

248.3

37.3

5672.0

569.2

Apponagansett Bay
Aucoot Cove
Brant Island Cove

Great Sippewissett Marsh

16.7

2.5

NA

NA

370

4.5

0

0.1

NA

NA

12.4

2.0

284.4

44.7

Hen Cove

30.3

1.3

NA

NA

260

6.2

3

0.0

20.6

4.4

18.3

0.8

414.3

18.2

Little Bay

112.8

18.5

NA

NA

1290

19.2

9

5.0

NA

NA

53.2

5.1

397.1

100.2

3.6

1.0

NA

NA

524

1.9

5

0.3

0.8

0.4

3.3

0.7

79.3

14.8

153.9

16.9

339.9

0.46

6712

37.9

227

4.9

26.0

5.6

110.0

11.3

2009.5

184.5

Little River
Mattapoisett River
New Bedford Inner Harbor

1277.5

111.6

38.2

6.63

5863

130.2

191

2.6

40.7

17.8

194.6

6.2

3287.5

245.0

Onset Bay

135.6

14.2

11.6

0.44

900

17.3

64

3.2

23.4

3.0

83.3

3.2

773.6

286.2

Phinneys Harbor

112.9

20.8

NA

NA

1082

38.3

23

2.2

23.6

11.9

48.3

3.7

1314.9

180.5

Pocasset Harbor

26.4

3.5

NA

NA

222

4.3

1

0.02

4.2

0.5

26.2

1.2

619.3

26.6

Pocasset River

66.4

9.2

9.5

0.21

1026

10.7

1

0.2

4.9

0.4

34.8

1.5

929.1

57.4

Quissett Harbor

4.6

1.2

NA

NA

116

2.0

NA

NA

0.4

0.5

5.2

0.4

136.4

8.6

Red Brook River

43.6

5.1

0.4

0.07

828

10.5

44

4.7

NA

NA

11.2

1.0

255.6

22.0

Sippican Harbor
Slocums River

84.7

11.8

NA

NA

818

13.1

14

0.5

25.6

3.0

52.5

4.1

381.8

60.7

575.0

89.0

31.0

2.11

8558

95.5

73

6.8

166.9

9.8

230.9

22.1

1801.1

282.7

Squeteague/Megansett Harbor

153.5

5.5

1.8

1.52

1605

13.9

7

2.8

3.6

4.2

49.9

4.1

1177.6

103.4

Wareham River Estuary

331.9

48.5

718.3

46.64

9293

131.5

1309

35.5

NA

NA

198.7

12.4

3145.4

206.2

West Falmouth Harbor

37.7

7.8

NA

NA

650

11.5

2

0.9

NA

NA

26.9

3.0

655.4

74.3

454.0

88.4

888.4

8.41

16801

293.2

3773

176.1

36.9

10.7

297.7

34.3

8451.4

615.4

Weweantic River
Widows Cove

2.4

0.6

NA

NA

138

0.6

NA

NA

NA

NA

0.9

0.0

21.9

1.0

Wild Harbor

79.8

11.7

NA

NA

725

31.7

7

0.1

11.6

13.5

59.8

7.8

1311.7

166.4

Wings Cove

6.6

0.6

3.7

0.57

337

2.1

5

0.3

NA

NA

6.9

1.5

111.9

2.6

SD is time series standard deviation.
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FIGURE 2 | Trends in land use for impervious surface (IM), golf (G), cropland (C), vegetated land (V), and freshwater (FW). Color coding indicates
significant trends with red colors indicating increasing trends, blue indicating decreasing trends, and white indicating no trend in land use. Grayed pie segments
indicate the land use class was not found in the watershed.

nitrogen removing systems (Figure 4). However, despite overall
consistent nitrogen loading across the land areas analyzed here, at
the individual subwatershed level, trends in nitrogen loads were
variable.
Estimated nitrogen loads for the subwatersheds around
Buzzards Bay increased over time in 4, were stable for 9, and
decreased in the remaining 15 subwatersheds (Figure 7). Trends
in wastewater derived nitrogen reflect changes in sewering
and wastewater treatment, CSO discharge, or increases in
housing units. Wastewater sourced nitrogen increased for all 11
watersheds without sewering or direct effluent discharge as a
result of housing development with onsite wastewater disposal.
Of the 17 watersheds that were influenced by sewering or direct
effluent discharge, there were varied trends. Strong regional
efforts to control nitrogen pollution have led to expanded sewer
networks across a number of towns that has reduced the overall
septic load from urban sub-watersheds.
Of the 5 watersheds with direct wastewater or CSO effluent
discharge, trends in wastewater nitrogen were dependent on
changes to wastewater treatment processes (e.g., upgrades
to tertiary, nitrogen removing, treatment) and the relative
contribution of effluent discharges to the total wastewater input.
For example, over the past several decades, the City of New
Bedford has systematically eliminated 14 of the 41 CSO discharge
points, reducing the contribution of combined sewer overflows
to the wastewater discharge into New Bedford Harbor and Clarks
Cove.
The expansion of sewer networks and housing development
in the town of Fairhaven increased the wastewater load to the
Fairhaven treatment plant that discharges into New Bedford

loads by sub-watershed land area resulted in estimates of 2.2–
29.4 kg N haW−1 yr−1 (Table 3, Figure 5), while normalizing to
sub-watershed estuarine area resulted in loads of 10.1–398 kg N
haE−1 yr−1 (Table 3, Figure 5).
Relative contributions from different nitrogen sources varied
across watersheds reflecting differences in land cover types
(Figure 6). Direct and indirect atmospheric nitrogen were
together often the largest nitrogen source for watersheds with
land-cover dominated by natural vegetation or large estuarine
areas. Atmospheric deposition was a smaller component of
total nitrogen load for watersheds with substantial wastewater
influence and a high number of residential units. Direct
wastewater effluent discharge was the largest source of nitrogen
to four of the five coastal embayments where it was applicable.
Fertilizer nitrogen was often the largest source for watersheds
with substantial land cover from golf or agricultural land
(Figure 6).

Nitrogen Load Trends
Time-series (1985–2013) are shown in Figure 4 for the integrated
total nitrogen loads to the subembayments analyzed here
across the Buzzards Bay watershed. Nitrogen from all sources
except animal waste were roughly equal for the first half of
this analysis, after which both atmospheric deposition and
direct wastewater discharge declined considerably while fertilizer
and wastewater from septic systems increased. Although there
was an increase in housing development and sewered homes
(Figure 3), wastewater sourced from combined sewer overflows
and treatment facilities declined following efforts to eliminate
overflow systems or upgrade treatment plants to tertiary,
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FIGURE 4 | Total nitrogen load to Buzzards Bay estuaries from all
watersheds analyzed in this study from the four major sources:
atmospheric deposition, wastewater from onsite septic systems,
wastewater from wastewater treatment facilities, fertilizer, and animal
waste. Atmospheric is the sum of both direct deposition to the estuary and
indirect deposition after transmission through the landscape.

falls within the time frame of this study. Regressing in situ Chla
and total nitrogen (TN) for subembayments against nitrogen
load normalized by embayment volume (Figure 8) revealed that
across the sub-watersheds both TN (r2 = 0.22, p < 0.0001,
n = 396) and Chla (r2 = 0.09, p < 0.0001, n = 390) were
positively correlated to nitrogen load, with Chla displaying a high
degree of interannual variability. The multiple linear regression
(MLR) analysis showed that nitrogen load, temperature, and
precipitation were equally important in predicting Chla, but
nitrogen load had a nearly 4-fold larger effect on TN than
temperature or precipitation (Table 4).

FIGURE 3 | Drivers of nitrogen loads. The top panel shows housing
development as the total number of units counted on septic (dashed) and on
sewer (solid). The bottom panel shows the mean atmospheric deposition rates
across the 28 subwatersheds. Error bars in the bottom panel are spatial
standard deviation.

Harbor. However, the estimated declines in CSO discharges
led to reduced overall wastewater loads despite the increase in
the wastewater effluent nitrogen discharged into New Bedford
Harbor.
Trends in nitrogen inputs sourced from fertilizer aggregate
fertilizer trends for agricultural land, lawns, golf courses, and
sourced from animal waste. Out of the 28 sub-watersheds, 19
displayed an increase in fertilizer load, 6 displayed no significant
trend while 2 decreased principally reflecting reductions
agricultural land or farm animals. Because the NLM assumes
a constant fertilizer application rate, fertilizer use trends reflect
changes in the frequency of use and not the intensity of fertilizer
use.

DISCUSSION
Overall Trends in Nitrogen Loads
Local changes in dominant land-use types coupled with regional
changes in atmospheric nitrogen deposition across Buzzards
Bay are primarily responsible for bay wide changes in nitrogen
loads from coastal watersheds to adjoining estuaries. When
broken down by individual subwatershed units, total average
nitrogen loads to the estuaries reflect the combined influence
of watershed size and degree of urbanization (Figure 5).
Watersheds with the largest nitrogen load per watershed land
area were mostly dominated by either CSO or wastewater
treatment facility discharge (e.g., Clarks Cove, New Bedford
Inner Harbor, and West Falmouth Harbor). Total nitrogen
loads to many of these same watersheds have decreased over
time as a result of improvements to wastewater treatment
facilities or discontinuation of CSO outfalls. For example, due
to improvements in the wastewater treatment process during

Comparison with In situ Water Quality Data
In a companion study, Rheuban et al. (2016) conducted a
space-time analysis of in situ estuarine water quality indicator
variables, including summertime measurements of nutrients,
temperature, and chlorophyll a (Chla) over a 22-year interval that
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TABLE 3 | Time series mean nitrogen loads from 1985 to 2013 normalized by watershed area (HaW), and estuary area (HaE).
Watershed

Watershed

Estuary

area (Ha)

area (Ha)

Load (kgN yr−1 )

SD

Load (kgN HaW−1 yr−1 )

SD

Load (kgN HaE−1 yr−1 )

SD

Allen Pond

862

75.5

3029

1990

3.5

2.3

40

26

Apponagansett Bay

2006

139.1

6476

2462

3.2

1.2

47

18

Aucoot Cove

1074

130.8

5546

852

5.2

0.8

42

7

Brant Island Cove

164

53.7

544

259

3.3

1.6

10

5

Buttermilk Bay

2730

208.0

14254

2379

5.2

0.9

69

11

Clarks Cove

317

263.7

9328

2294

29.4

7.2

35

9

16026

803.9

75807

18013

4.7

1.1

94

22

Great Sippewissett Marsh

399

12.1

1290

402

3.2

1.0

107

33

Hens Cove

331

26.5

2219

580

6.7

1.8

84

22

Little Bay

1465

306.0

7991

2026

5.5

1.4

26

7

Little River

536

36.1

1201

609

2.2

1.1

33

17

Mattapoisett River

7568

287.2

19588

6286

2.6

0.8

68

22

New Bedford Inner Harbor

7605

396.5

92070

7715

12.1

1.0

232

19

Onset Bay

1218

229.6

7166

1962

5.9

1.6

31

9

Phinneys Harbor

1289

212.0

7762

2009

6.0

1.6

37

9

Pocasset Harbor

280

104.8

2817

841

10.1

3.0

27

8

Pocasset River

1142

13.2

3988

1067

3.5

0.9

302

81

Quissett Harbor

126

44.2

633

197

5.0

1.6

14

4

Red Brook River

927

57.2

2913

965

3.1

1.0

51

17

Sippican Harbor

995

726.8

8772

4677

8.8

4.7

12

6

Slocums River

9635

176.1

23030

10319

2.4

1.1

131

59

East Branch Westport River

Squeteague/Megansett Harbor

1821

217.9

7755

2402

4.3

1.3

36

11

Wareham River Estuary

11851

397.5

59018

8807

5.0

0.7

148

22

West Falmouth Harbor
Weweantic River

717

74.9

7553

898

10.5

1.3

101

12

22251

269.7

107278

18730

4.8

0.8

398

69

Widows Cove

141

52.9

686

412

4.9

2.9

13

8

Wild Harbor

883

46.1

4741

1047

5.4

1.2

103

23

Wings Cove

359

83.5

1463

637

4.1

1.8

18

8

SD is time series standard deviation.

the early 1990s, nitrogen concentration declined at the New
Bedford outfall, located near the mouth of New Bedford Harbor
and Clarks Cove, which may have contributed to water quality
improvements in these systems (Turner et al., 2009).
In the watershed of the Wareham River Estuary, which
receives the wastewater effluent from the Wareham Treatment
Facility, there has been major infrastructure development
including expanding sewer networks and upgrades to the
wastewater treatment plant to reduce nitrogen inputs to the
estuary from the watershed. Although development in the
watershed has increased the total number of residential units
by 894 units over the timeframe of our analysis, expanding
sewer networks have reduced the number of homes using onsite
wastewater disposal by 460 units from 1985 to 2013. In addition
to reducing the number of septic units discharging into the
groundwater, the Wareham Treatment Facility upgraded in
2005 to seasonal tertiary treatment to lower discharge nitrogen
concentration to below 4 mg L−1 for 8 months of the year.
This upgrade has successfully reduced the direct discharge of
wastewater nitrogen into the Wareham River Estuary by more
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than 65%, or from nearly 40% to less than 20% of the overall
nitrogen load to the embayment.
Because infrastructure for wastewater treatment is limited
by treatment plant locations and capacity, wastewater is often
exported from one subwatershed to another and can increase the
localized impact. This was true for the West Falmouth Harbor
watershed, whose treatment facility discharges wastewater from
homes connected to sewer lines outside of the watershed
delineation, resulting in a large additional nitrogen source, and
dramatic declines in water quality (Howarth et al., 2014; Hayn
et al., 2014; Rheuban et al., 2016).
Nitrogen load patterns across the entire Buzzards Bay region
reflected a tradeoff between declining atmospheric nitrogen
deposition and variable positive and negative trends from local
sources. Trends in fertilizer use, wastewater, and fossil fuel
combustion are major contributors of nitrogen oxides and
ammonia that directly influence regional trends in atmospheric
nitrogen deposition (Bouwman et al., 1997; Galloway et al.,
2004; Doney et al., 2007). Implementation of both local
and federal air quality programs has successfully reduced
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nitrogen deposition along with increased development with
onsite wastewater disposal has led to approximately constant
nitrogen loads between 1990 and 2014 (Valiela et al., 2016).
Atmospheric deposition presents a challenge for the development
of effective local management strategies because it is impacted by
regional nitrogen emissions from airsheds that are often much
larger than watersheds (Dennis and Mathur, 2001) and may span
across multiple town or state boarders.

Comparison with In situ Water Quality Data
From in situ water quality monitoring, Rheuban et al. (2016)
found that during summertime, Buzzards Bay had a low
DIN/DIP ratio (<7) (Rheuban et al., 2016), suggesting that
Buzzards Bay is a nitrogen limited system. Although TN and
Chla were positively correlated to nitrogen load, these regressions
were rather weak, explaining only 22 and 9% of the variance in
the data across all watersheds. This weak relationship was due
in part to the high degree of interannual variability that may be
driven by other factors and the predominantly opposite trends
in nitrogen load and water quality observed over this period.
With the exception of four embayments on the eastern side
of Buzzards Bay, most sub-embayments have had declining or
flat trends in nitrogen loads (Figure 7) with strongly increasing
trends in Chla from 1992 to 2013 (Rheuban et al., 2016).
Individual species of nitrogen can also have different influences
on estuarine biogeochemistry, e.g., inorganic nitrogen is more
bioavailable than organic forms, but many harmful algae can still
utilize organic forms (Glibert et al., 2001). The NLM estimates
total nitrogen loads from watersheds to receiving estuaries
but does not distinguish the chemical form of the nitrogen.
Therefore, some of the scatter in the water quality-nitrogen
loading relationships may be due to changes in nitrogen speciesspecific loading rates that we did not account for in this analysis.
The apparent enhancement of the offset of the Chla—nitrogen
load relationship over time (Figure 8E) likely is a reflection, in
part, of the positive Chla response to warming and enhanced
precipitation (Table 4). Water quality-climate impacts may occur
as a combination of direct physical changes to the environment
and indirect effects through changes to the dominant ecosystem
state from benthic to pelagic primary producers. Buzzards Bay’s
estuaries were historically vegetated with the seagrass Zostera
marina (eelgrass) that has declined over the last several decades
attributed largely to eutrophication (Costello and Kenworthy,
2010). Declines in eelgrass may increase the availability of labile
nitrogen sources to the water column due to the loss of the coastal
filter (McGlathery et al., 2007).
Long-term changes to physical drivers such as temperature
and precipitation may also explain patterns in the relationship
between nitrogen loads and in situ TN and Chla (Table 4). The
MLR suggests that nitrogen load, water column temperature, and
seasonal precipitation all have an equal effect size for determining
water quality in Buzzards Bay each summer. Further, the
coefficients were all positive, suggesting warming temperatures
and increased precipitation will manifest in the biological
response as an increase in Chla concentration. Similarly, the—
MLR predicting TN concentration reveals increases in TN with
both temperature and precipitation (Table 4) but nitrogen load

FIGURE 5 | Mean annual nitrogen loads from 1985 to 2013. The top
panel shows mean annual nitrogen loads to the 28 subwatersheds. The
middle panel shows mean nitrogen loads normalized by watershed area
(HaW), and the bottom panel shows mean nitrogen loads normalized by
estuary area (HaE). Error bars are temporal standard deviation.

NOx and NH4 emissions in New England and these trends
are reflected in declining atmospheric nitrogen deposition to
Buzzards Bay. Most of this decline has occurred since the year
2000 and is consistent with dramatic declines in atmospheric
NOx concentration attributed to improvements in energy and
transportation technology (Krotkov et al., 2015).
Both direct and indirect atmospherically sourced nitrogen
largely followed the same pattern as atmospheric deposition
(Figure 7) suggesting that modulation of atmospheric deposition
by land use is a second order term. In most subwatersheds,
trends in deposition rates caused more than 90% of the total
change in indirect atmospherically sourced nitrogen with the
exception of Phinneys Harbor, where land use change, specifically
increased impervious surfaces, led to 27% of the total change.
This result agrees well with a recent analysis of nitrogen loads
to nearby Waquoit Bay, MA where declining atmospheric
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Atmospheric Deposition
Fertilizer

Wastewater (Septic)
Wastewater (Direct Discharge)

Animal Waste

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Wings Cove

Wild Harbor

Widows Cove

Weweantic River

West Falmouth Harbor

Wareham River Estuary

Slocums River

Squeteague/Megansett Harbor

Sippican Harbor

Red Brook River

Pocasset River

Quissett Harbor

Pocasset Harbor

Onset Bay

Phinneys Harbor

Mattapoisett River

New Bedford Inner Harbor

Little Bay

Little River

Hen Cove

Great Sippewissett Marsh

Clarks Cove

East Branch Westport River

Buttermilk Bay

Aucoot Cove

Brant Island Cove

Allen Pond

Apponagansett Bay

0

FIGURE 6 | Average fractional contribution of the five sources of nitrogen by individual sub-watershed.

had a 4-fold larger effect size than environmental variables.
The positive effect sizes between temperature and precipitation
and water quality suggests that the widespread increase in Chla
concentration observed in Rheuban et al. (2016) is partly a
response to elevated summertime temperatures.
Increased water column temperatures can alter the estuarine
response to nitrogen loads in several ways. Warmer summertime
temperatures in Buzzards Bay (Rheuban et al., 2016) may
enhance phytoplankton growth rates (Eppley, 1972) and increase
primary productivity (Lewandowska et al., 2012). Temperature
can also influence the rate at which inorganic nitrogen is released
from sediment back into the water column (Nixon et al., 1976;
Fisher et al., 1982) and recycling of organic matter within water
column (Sampou and Kemp, 1994) as a result of enhanced
microbial metabolic activity. Increased temperatures may also
alter food web dynamics in marine systems. Regional warming
has been correlated to increased abundance of the ctenophore
Mnemiopsis leidyi in Narragansett Bay, RI (Costello et al., 2006;
Sullivan et al., 2007) that can alter pelagic food webs dynamics
by decreasing zooplankton abundance and thus reducing grazing
pressure on phytoplankton (Purcell, 2012; Kimmel et al., 2015).
Reduced grazing pressure would be consistent with increases
in Chla for a given nitrogen load but little change in bulk
organic matter in Buzzards Bay’s estuaries (Rheuban et al.,
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2016). Decreases in particulate organic matter caused by lower
zooplankton abundance would be offset by increased organic
matter as a result of higher phytoplankton abundance leading
to an enhanced response of Chla compared to TN. This result
would be consistent with our observations that the effect size of
nitrogen load on TN was nearly 4-fold larger than temperature
(Table 4) combined with declining or flat nitrogen loads in most
embyaments. In situ trends in TN (Rheuban et al., 2016) in many
estuaries did not often agree with the trends in nitrogen load
(Figure 6). The significant, positive effect size of mean annual
spring precipitation and summer water quality suggests wetter
years led to higher delivery of nitrogen from the watershed to the
estuaries.

Loading Assumptions and Differences
between Literature Reported Nitrogen
Loads
Overall nitrogen loads will be strongly dependent on
the watershed loading model chosen. For several of the
subwatersheds analyzed here, there have been estimates of
nitrogen loads for single points in time reported in both peerreviewed literature and as white papers. Here, we compare our
NLM derived nitrogen loads to estimates from the Massachusetts
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FIGURE 7 | Trends in nitrogen load for direct atmospheric deposition to the estuary (ADD), wastewater (both point and non-point, WW), fertilizer and
animal waste (F), and indirect atmospheric deposition (ADI). Red colors indicate significantly increasing trends, blue indicates significantly decreasing trends,
and white indicates no trend in nitrogen load. Dotted outlines of the pie charts indicate an overall decline in nitrogen load, bolded outlines indicate an overall increase
in nitrogen load, and solid outlines indicate no overall trend in nitrogen load. Overall trends are also indicated by pluses (increasing), minuses (decreasing), and zeros
(no trend).

Estuary Project (MEP). The MEP was developed for estuaries
across the state during the past decade in an effort to quantify
total maximum daily loads for impaired coastal waters. The
MEP uses a Linked Watershed-Embayment model, which
is largely similar in form to NLM but differs in the choice
of net loading coefficients and areas of additional watershed
attenuation. Nitrogen loads from this study were less than half
those reported in MEP reports (specifically Wild, Quissett, West
Falmouth, and Phinneys Harbors, Howes et al., 2005, 2006b,
2011a,b). While these differences are substantial, our total loads
correlated well with MEP estimates (r2 = 0.99), and this result is
consistent with differences between the NLM and MEP reported
nitrogen loads to Waquoit Bay, MA. Valiela et al. (2016) report
an update comparing the 1990 and 2014 nitrogen loads for the
6 sub-watersheds of Waquoit Bay. These loads were smaller
on average by 46% from those reported in Howes et al. (2013)
through the MEP process for the same sub-watersheds. While
our loads are proportionally smaller than the MEP estimates
the relative contributions by source are fairly consistent with
estimates from the MEP process, suggesting the underlying land
use, housing, and sewering datasets are comparable and both
models have similar net relative loading rates to receiving waters.
The differences between results from MEP’s Linked
Watershed-Embayment model and the NLM largely reflect
different watershed specific atmospheric deposition rates,
different rates of nitrogen attenuation during transmission
through the landscape, and MEP’s “water-use” approach to
wastewater rather than an average per-unit loading rate.
The water-use approach may overestimate nitrogen sourced
from septic systems, because, although the MEP accounts for
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“external” water use as 10% of the total, town water records do
not distinguish between household water use and water used for
outdoor purposes such as irrigation or filling swimming pools.
Using average rates reported for the 5 overlapping watersheds
with published MEP reports, the effective loading rates from
septic systems may be up to a factor of 3 larger than those used
in the NLM because of the different assumptions. Additionally,
the NLM and the MEP approach differ in estimates of nitrogen
loads from impervious surfaces. When estimating nitrogen from
impervious surfaces, the NLM only accounts for atmospheric
deposition, while the MEP approach assumes a constant nitrogen
concentration and recharge rate from impervious surfaces that
may include both atmospheric deposition and nitrogen from
other sources laterally transported onto the impervious surfaces.
This leads to larger effective loading rates from impervious
surfaces (e.g., 15.2 vs. 1–3 kgN ha−1 yr−1 , MEP vs. NLM).
Finally, the approach in this analysis is limited because, with the
exception of the West Falmouth Harbor wastewater treatment
discharge, we do not account for groundwater transit time that
may effect when a source of nitrogen actually reaches the estuary.
However, a detailed analysis of groundwater flows is beyond the
scope of this study.

CONCLUSION
The NLM serves as a useful tool in estimating nitrogen
inputs into Buzzards Bay and highlighting which nitrogen
sources contribute the most to total estuarine nitrogen loads.
Across all watersheds, there was a general shift from natural
landscapes to increased urbanized and impervious surface areas
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FIGURE 8 | In situ water column chlorophyll a (Chla, left panels) and total nitrogen (TN, right panels) concentration regressed against nitrogen loads
normalized by estuary volume across 20 of the 28 subwatersheds where water quality samples were available. Data points have been colored by (A,D)
July/August water column temperatures, (B,E) April-June precipitation, and (C,F) year. Bold line is the linear regression across all data points.

to accommodate increased coastal populations. Despite relatively
consistent trends in nitrogen sources over the total area analyzed
in this study, at the subwatershed level, localized impacts
of land use change were more pronounced. For watersheds
predominately located on the eastern side of Buzzards Bay,
increased residency coupled with onsite septic systems resulted
in increased or flat overall nitrogen loads that reflected dominant
contributions from wastewater. Increased residency within most

Frontiers in Marine Science | www.frontiersin.org

western watersheds however did not always result in increased
loads to adjoining estuaries as a result of expansion of sewer
networks and improvements to wastewater treatment facilities.
Estimated nitrogen load trends for most western watersheds
reflect the positive influence that local management strategies
can have on mitigating anthropogenic influences on coastal
ecosystems. Interestingly, the results from this analysis also
highlight the importance of incorporating regional and global
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change into nutrient mitigation strategies. A changing climate
can both directly and indirectly influence ecosystem responses
to nitrogen load, manifested here as increased water column
chlorophyll a for a given nitrogen load as water temperatures
warmed over the past several decades. As our understanding of
the influence of climate on coastal ecosystems expands, we can
anticipate complex ecosystem responses to nutrient inputs and
develop management strategies that incorporate influences from
the local to the global scale.
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